Abstract In this study, the effects of the phosphonic acid based sequestering agent EDTMPA used in the textile dye baths on colour and organic matter removal by ozone oxidation was experimentally investigated. Procion Navy HEXL dyestuff that has been commonly used for the reactive dyeing of cellulose fibers was selected as the model component. The organic matter oxidation by ozone was determined to obey the pseudo-first order kinetics as they are treated singly or in combination. COD removal rates obtained from pseudo-first order reaction kinetics showed that oxidation of Navy HEXL alone (0.0947 L/min) was faster than that of EDTMPA (0.0171 L/min) and EDTMPA with dye (0.0155 L/min) at pH 3.0. It was also found that reaction rates of single EDTMPA removal and EDTMPA and dye mixture removal increased as the reaction pH was increased from 3.0 to 10.5.
Introduction
Colour is one of the characteristic parameters of textile industry wastewaters. Although there are several physical -chemical methods applied for colour removal, such as adsorption, membrane processes and chemical oxidation, chemical oxidation has become the method of choice due to its high efficiency and ease of operation. Ozone is one of the most effective oxidants used for this purpose. Ozone oxidation of textile industry wastewaters, spent and simulated dye baths has been a focus of investigations (Davis et al., 1982; Grau, 1991; Carriére et al., 1993; Namboodri et al., 1994a, b) . Mechanism and kinetics of ozonation of synthetic dye solutions were also extensively studied (Snider and Porter, 1974; Perkins et al., 1980 Perkins et al., , 1995 Teramoto et al., 1981) . Actual dye baths involve the use of several assisting chemicals in addition to dyes. Basic chemicals used in reactive dyeing are sodium chloride (NaCl), sodium carbonate (Na 2 CO 3 ) and sequestering agents. NaCl is used to facilitate diffusion of the dye to the fiber. Na 2 CO 3 mostly has a dual purpose: it helps the fixing of the dye and increasing and buffering the pH. The natural pH of the reactive spent dye baths are between 10.5 and 12.0. Sequestering agents are chelate forming ligands that bind the metal ions such as Cu 2 þ , Fe 2 þ , and prevent their interference with dye. The effect of high carbonate alkalinity on reactive dye bath effluent treatment is a subject of numerous studies (Staehelin and Hoigné, 1982; Staehelin et al., 1984; Glaze et al., 1987 , Nemes et al., 2000 Acero and van Gunten, 2000; Arslan-Alaton et al., 2002) . It has been established that particularly bicarbonate (HCO alkalinity. Arslan-Alaton et al. (2002) reported that ozone decomposition is not significantly retarded at pH < 12 in the presence of 10 g/L sodium carbonate. Kabdaşlı et al. (2002) studied the effect of assisting chemicals in the dye bath on ozonation of dyestuffs. They also indicated that Na 2 CO 3 did not cause significantly different ozone utilisations and long retention times as compared to actual dye bath oxidation. Gähr et al. (1994) indicated that no inhibition was observed during ozonation of reactive dyes in the presence of sodium chloride at the high pH of reactive dye baths. This is consistent with the findings of Arslan and Balcıoglu (2000) and Kabdaşlı et al. (2002) . It was also found that the simultaneous addition of NaCl and Na 2 CO 3 did not result in any negative effect between the introduced chemicals (Arslan and Balcıoglu, 2000; Wang, 2000; Kabdaşlı et al., 2002) . Kabdaşlı et al. (2002) reported that sequestering agents exerted a significant effect on the ozone oxidation of the dye by reducing the reaction rate and increasing the amount of ozone being used. Commonly used conventional sequestering agents such as NTA and EDTA contain aminopolycarboxylate groups. Recently, a new generation of sequestering agents that are based on phosphonic acid derivatives has been introduced. The advantage of these compounds, in addition to their capability of strongly binding the metal ions, is their stability at the high temperatures employed in reactive dyeing.
In this study, ozone oxidation characteristics of a new generation of phosphonic acidbased sequestering agent and its impact on decolourisation of the dyestuff were experimentally investigated.
Experimental study Experimental approach
The study aimed to assess several aspects of oxidation of a new generation of dye bath assisting chemical, phosphonic acid derivative by ozonation, emphasising its effect on decolourisation. In the first stage of experiments, dyestuff and phosphonic acid compound were separately oxidised by ozone. In the second stage, oxidation of the combination of dyestuff and phosphonic acid compound was carried out at different oxidation conditions. Study results were comparatively evaluated with a conventional sequestering agent. The model compound selected to represent the new chemical was EDTMPA (ethylenediamine tetramethylene phosphonic acid) which has been actually used in textile dyeing and had a similar structure to a common conventional sequestering agent EDTA (ethylenediamine tetraacetic acid). Figure 1 shows the chemical structure of both chemicals.
The dyestuff used in the experiments was Procion brand Navy HEXL, a readily hydrolysable dye that involved the bifunctional group bis(amino chlorotriazine) and which has been frequently used for dyeing cellulosic fibers. The concentration of Navy HEXL was selected as 200 mg/L to simulate spent bath conditions. EDTMPA concentration in the reactive dye baths was 1 g/L (2.293 mM). However, in addition to this, a concentration a doubled-strength solution was also prepared for a better evaluation of oxidation characteristics.
Ozonation was the oxidation method employed since it has been an effective method of decolourisation of spent dye baths while it has been a relatively economical means of oxidation. An optimum applied ozone dose of 60 mg/min was used for all experiments. Benbelkacem et al. (2004) Figure 1 Chemical structure of EDTA (a) and EDTMPA (b)
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for ozonation of crotonic acid was between 1.8 10 22 and 2.5 10 22 L/s. Benbelkacem et al. (2003) studied the maleic acid ozonation and they reported the k L a value as 1.14 10 22 and 1.69 10 22 L/s. According to the literature the k L a value would be with in this range for the oxidation experiments conducted in this study. Oxidation experiments of sequestering agents and mixture samples were conducted at two pH values: pH 3.0 and 10.5. Navy HEXL ozonation was conducted at its original pH of 6.49. pH 3.0 represented the most effective use of ozone while pH 10.5 reflected the actual pH of the spent dye bath.
Materials and methods
Ozone was provided using a GL-1 brand PCI Model ozone generator that was fed with air at the capacity of 0.57 m 3 /h. All connections in the experimental set up were made using Teflon fittings. The ozonation reactor was made of Pyrex glass with 4.5 cm internal diameter and 120 cm height. The ozone-air mixture was fed through the sintered glass diffusers placed at the bottom of the reactor. Off-gas ozone was trapped using two serially connected gas-washing bottles containing 2% KI solution. The sample volume was taken as 1 L in all experiments. Colour measurement was carried out on samples filtered through 0.45 mm Millipore membrane filters and was made using an HACH-Dr-B model spectrophotometer. A Pharmacia LKB -Novaspe II model spectrophotometer was used for absorbance measurements. All analyses were made in accordance with Standard Methods (1998). The evaluation of colour removal was also made by determining the solution absorbance at the wavelengths of 436, 525 and 620 nm, which were selected in accordance with the European Norm EN ISO 7887 (1998). All sample solutions were prepared with de-ionised water.
Results and discussion
Oxidation applications Table 1 presents the results of Navy HEXL dye of 200 mg/L oxidation with ozone. The pH was reduced from 6.39 to 3.0 in 10 min due to the formation of organic acids such as carboxylic acids. Oxidation of the dye was relatively fast providing over 50% colour removal in 3 min and reaching almost complete removal in 10 min. COD removal, however, began after a lag phase of approximately 3 min and exhibited a slow decrease. Removal of the two parameters was not parallel and indicated a preferential attack of the oxidant to chromophore group of the dye. At the end of the experiment a specific ozone consumption of 0.8 mg O 3 /mg COD removed was determined. Table 2 shows the results of ozone oxidation conducted at pH 3.0 for EDTMPA solutions. At the end of 90 min reaction time 81% COD removed in the lower concentration solution while the efficiency was 60% for higher concentrations, indicating the effect of initial concentration on removal rate.
In both cases COD removal in the first 5 min was higher and gradually slowed down after 5-10 min. pH reduction in two systems, which can be associated with the production of relatively stable end products of carboxylic acid character, was comparable although COD reduction in the high concentration system was almost two-fold of the low concentration oxidation. This implied that the degree of stabilisation achieved in the low concentration system was higher. Specific ozone utilisation ratios at the end of 90 min in two systems, however, were similar and 1.82 and 1.72 mg O 3 /mg COD was removed for higher and lower concentration systems, respectively. Ö lmez et al. (2004) reported ozone oxidation characteristics of EDTA at pH 3.0 and at the same molar concentrations with those of EDTMPA employed in this study. Initial COD concentrations of EDTA systems were in the same order as those of EDTMPA solutions. Their study yielded 60% COD removal with 2.17 mg O 3 /mg COD removed ozone utilisation ratio for high concentration EDTA and 78% COD removal with 3.7 mg O 3 /mg COD removed ozone utilisation ratio for low concentration EDTA. These values corresponded to the same COD removals obtained for EDTMPA. However, ozone utilisation values for EDTMPA were significantly lower than those of EDTA systems. Table 3 reports the results of ozonation of EDTMPA solution with 1 g/L initial concentration and at pH 10.5. COD removal at the end of 90 min was 92% and higher than more than 10% of pH 3.0 ozonation of the same solution. Residual COD was quite low and resulting pH was around 10. The ozone utilisation ratio at the end of 90 min was 2.81 mg O 3 /mg COD removed, which was a higher value as compared to 1.72 mg O 3 /mg COD removed of pH 3 oxidation value. However, this was expected due to the higher decomposition rate of ozone at high pH. A very low reduction in pH versus a high degree of COD removal indicated a strong buffer capacity of sodium carbonate. The higher COD removal efficiency obtained in pH 10.5 with respect to pH 3.0 system implied the existence of additional oxidation to direct ozone reactions, possibly through radical reactions in spite of significant radical scavenging effect exerted by sodium carbonate. Ozone oxidation of EDTMPA proved to be more efficient than ozone oxidation of EDTA carried out at the same pH and molar concentration which yielded 80% COD removal at 3.32 mg O 3 /mg COD removed ozone utilisation ratio. The results of ozone oxidation of combination of the dye and EDTMPA (1 g/L) at pH 3.0 and pH 10.5 are shown in Table 4 . When dye and EDTMPA existed together, the oxidation rate of both reduced. The same degree of colour removal (below 100 Pt-Co) was obtained in 30 min at both pH 3.0 and 10.5 versus 10 min when dye existed singly. However, in both systems complete colour removal could be achieved. COD removal characteristics of the systems were also modified when the dye and EDTMPA existed in combination. Oxidation of EDTMPA was also delayed, particularly for pH 3.0 oxidation, although to a lesser extent as compared to colour removal. Residual COD level at the end of 90 min in pH 10.5 was low enough and comparable with that of single EDTMPA oxidation at the same pH. Table 5 shows the specific ozone utilisation values for the experiments as well as for EDTA oxidation from a previous study (Ö lmez et al., 2004) .
As seen from Table 5 ozone utilisation for the case of oxidation of EDTMPA and dye combination seems to be more efficient as compared to the total of EDTMPA and dye oxidation ozone utilisations at both pH values. As the combinations of EDTMPA plus dye and EDTA plus dye values compared for pH 10.5, the EDTMPA system was still better in ozone utilisation.
Results from the oxidation studies indicated that the existence of EDTMPA in general sequestering agents retarded the colour removal by ozonation. The delay in colour removal was in the order of 20 min. COD removal, particularly the part originating from EDTMPA, also affected from the existence of the dye, however at the end of a reaction period of 90 min, which was also needed to obtain a near complete oxidation when EDTMPA existed singly, the difference between single and combination oxidations became marginal, particularly for high pH oxidation. Ozone utilisation between EDTMPA and the combination of EDTMPA and the dye was in the same order of magnitude and exhibited a better yield in the case of the oxidation of the combination.
Oxidation characteristics of EDTMPA, either as the single substrate or in combination with the dyes were better than EDTA in terms of both COD removal and ozone utilisation.
A comparison of oxidation pHs clearly indicated that pH 10.5 yielded better results, particularly in terms of COD removal, than pH 3.0, although ozone utilisation was approximately 1 mg O 3 /mg COD removed higher than that of pH 3.0. Decolourisation, when combined with COD removal, was quite important for wastewater treatment application and reuse of combined textile wastewaters. The central unit of textile wastewater is a biological treatment, generally an activated sludge process, which fails to remove colour as well as inert COD, the majority of which is originating from the dyeing process. Another advantage of high pH ozonation is that no additional salt is required to adjust the pH before and after the oxidation thereby not increasing the salinity of the wastewater which is already high enough.
Analysis of colour removal
The method of Pt-Co unit is quite useful in monitoring the decolourisation, particularly through the end of the oxidation reaction because at this stage most of the dyes exhibit a yellowish hue whose maximum absorbance fit well the reading absorbance wavelength (l) of the Pt-Co method. However, the tendency is to evaluate the colour removal employing more than one wavelength thus extending the assessment to the visible spectrum. Therefore, decolourisation processes were also monitored and evaluated by measuring the absorbances at selected wavelengths. Table 6 presents the results of these measurements. The results indicated the dye initially had high absorbances at all wavelengths. When it existed singly, absorbances at 525 and 620 nm reduced significantly within 2 min of oxidation. However, absorbance reduction in this duration was limited for 436 nm. This may be related to the accumulation of yellow colour through the oxidation of chromophore group. After the third minute of oxidation, absorbances measured at 525 and 620 nm diminished and died-out. The absorbance at 436 nm reduced to these levels after the fifth minute. The effect of the existence of EDTMPA to the initial absorbances was negligible. As the absorbances were analysed for dye and EDTMPA combinations through the ozonation, significant reductions at 525 and 620 nm wavelengths were obtained after 10 min, while there was still a significant absorbance at 436 nm at the fifteenth minute. This picture shows the parallelism between single dye and dye and EDTMPA combination oxidants in decolourisation and the delay in decolourisation of the combination. A kinetic modelling has been made to evaluate and compare the reaction rates. Ozonation of organic matter generally fits well to pseudo first-order kinetics as proposed by various investigators (Hoigné and Bader, 1976; Bertran et al., 1994; Whu and Wang, 2001) . All the reactions carried out in this study exhibited a good degree of fit to pseudo first-order kinetics. Figures 2 and 3 shows kinetic evaluations all based on COD. As seen from the figures, the reaction rate of single EDTMPA removal was almost doubled as the reaction pH was increased from 3.0 to 10.5. The same trend was also obtained for EDTMPA and dye mixture experiments. As the rates of EDTMPA and dye mixture oxidation experiments at both pH 3.0 and 10.5 are compared it can be seen that the rate of oxidation in the mixture decreased slightly with regard to single EDTMPA oxidation. On the other hand, single dye oxidation rate had the highest among all experiments conducted. It was six times faster than that of mixture of the dye and EDTMPA oxidation at pH 3.0.
Conclusions
In this study, ozone oxidation of a reactive dye and effect of EDTMPA, a new generation dye bath assisting chemical, on the decolourisation of the dye were experimentally investigated. Results of the study can be summarised as follows. † Ozonation decolourised a synthetic solution of the dye Navy HEXL rapidly and effectively at an ozone utilisation ratio of 1.26 mg O 3 /mg COD removed. † 90% COD removal could be obtained in 90 min by the ozonation of 1 g/L EDTMPA solution with ozone utilisation ratios of 1.72 and 2.81 mg O 3 /mg COD removed for pH 3.0 and 10.5, respectively. † Colour removal, as well as COD removal by ozonation, retarded as EDTMPA and the dye was combined. The delay in colour removal was approximately 20 min. In this process, the ozone utilisation ratio was 1.30 mg O 3 /mg COD removed for pH 3.0. EDTMPA proved to be more effectively oxidised than the conventional sequestering agent EDTA in terms of both COD the removal and ozone utilisation. † Ozone oxidation at pH 10.5 resulted in a better COD removal together with successful decolourisation than oxidation at pH 3.0. The resulting COD removal was over 90% and the ozone utilisation ratio was 2.40 mg O 3 /mg COD removed. This level of COD removal in the spent dye bath greatly alleviates the COD problems faced in the treatment of textile wastewaters. † The reaction rate of single EDTMPA oxidation by ozone increased with increasing pH. The same trend was also obtained for EDTMPA and dye mixture experiments. † The reaction rate of EDTMPA and the dye mixture oxidation decreased with regard to single EDTMPA oxidation. On the other hand, the single dye oxidation reaction rate was the highest among all experiments conducted.
